The benefits of choosing refurbishment over new build have recently been brought into focus for reducing environmental impacts of buildings. This is due to the fact that the existing buildings will comprise the majority of the total building stocks for years to come and hence will remain responsible for the majority of greenhouse gas emissions from the sector. This paper investigates the total potentials of sustainable refurbishment and conversion of the existing buildings by adopting a holistic approach to sustainability. Life Cycle Assessment (LCA) and questionnaires have been used to analyse the environmental impact savings (Co 2 e), improved health and well-being, and satisfaction of people living in refurbished homes. The results reported in the paper are based on a two year externally funded research project completed in January 2013.
Introduction
The construction industry globally consumes around 40% of global raw stone, gravel, and sand; 20% of virgin wood; and consumes about 40% of total energy [1] . The national share of energy consumption of the buildings varies in different countries varying between 25-50% [2] . In the European Union it is about 50% [3] . In the UK, emissions from the domestic building stock accounts for approximately 30% of total energy demand producing 41.7 million tonnes of carbon in 2004 representing 27% of total UK carbon emissions [4] .
There is an increasing interest in reusing the existing buildings through refurbishment and conversion where possible compared with developing new ones as building reuse should offer environmental savings over demolition and new construction [5] . This is due to the fact that OPEN ACCESS sustainability cannot be achieved without addressing the existing buildings as the impact of new buildings, even if all are sustainable, will be minimal for years to come due to composition of old and new stock [6] . Bell [7] reiterates this by stating that in the UK and Europe the building stock has a long life and replacement rates are very low. Bell argues that with replacement rates of less than 0.1% and new building rates of over 1% construction activity results in stock growth rather than replacement [7] . Bell concludes that although improving the energy performance standards of new buildings is important, it would require a dramatic change in replacement rates for this to make a significant contribution to CO 2 reductions in the next 50 to 100 years.
The potential for refurbishment in the UK is significant due to the current composition of the building stock and the preferred public attitude towards the older stock. The Empty Homes Agency [8] indicates that there are 288,763 long-term empty homes in England and, that there may be potential for over 400,000 residential units in unused commercial and industrial buildings. The benefits of choosing refurbishment over new build have also been brought into focus as the existing buildings will comprise the majority of the total building stocks for years to come and hence will remain responsible for the majority of greenhouse gas emissions from the sector [9] . This is due to the fact that for example homes existing in 2006 could make up 70% of the total housing stock in the UK in 2050 [10] .
Aims and Objectives
This research has three basic aims:
(1) to analyse the environmental impacts of different stages of building refurbishment through whole life cycle analysis; (2) to compare the energy performance of refurbished dwellings with new built; (3) to analyse users' satisfaction and well being in refurbished homes.
The discussion and conclusions will draw on actual experience of refurbishing an existing building to provide social housing for tenants.
Methodology
The research has adopted a triangulated methodological approach consisting of desk study and questionnaires. The research has used a case study focusing on refurbishing of an existing building to provide social housing in the UK. The case study enabled a detailed analysis of the sustainability potential of building refurbishment through quantifying carbon emissions of different stages of whole life building emissions. The method used for calculating carbon emissions include the methodology used by Bath University's ICE model [11] for estimating the CO 2 e emitted during extraction, manufacture and transport of building materials. The operational energy demands of the refurbished building were calculated using Standard Assessment Procedure (SAP) [12] adopted by the UK government as part of the national methodology for demonstrating compliance with building regulations and for providing energy ratings for dwellings. Defra's conversion factors [13] were used for converting energy use (kWh) to carbon emissions (CO 2 e). For other stages of whole life impacts, carbon emissions were derived from the literature.
A building user satisfaction survey was conducted using Building Use Studies (BUS) [14] questionnaire to analyse satisfaction and well being of tenants living in their refurbished homes. The qualitative data was extracted from the questionnaire comprising three sections with a total number of 20 questions to investigate occupants' satisfactions with different aspects of their homes including comfort, personal control, as well as spatial and characteristic qualities of their homes.
Refurbishment
Refurbishment is a building operation that occurs when a range of building activities need to be undertaken together, often due to a combination of obsolescence and deterioration [15] . It may also be considered as reuse of a whole building following a process of modifications and alternations. Refurbished buildings present an opportunity to add value and reduce the carbon cost of buildings through improved energy efficient design. In general, refurbishment provides excellent opportunities for improving energy efficiency, although it can sometimes increase energy consumption where services are enhanced, e.g., by the introduction of air conditioning [16] .
To achieve a sustainable refurbishment all principles of sustainable energy efficient building design should be exhausted where appropriate. Apart from building orientation and form that usually stay the same, all other main design parameters including internal layout alterations, fenestration alterations, upgrading insulation, enhancing ventilation, improving air tightness, adjusting thermal mass and landscaping to improve microclimate should be considered. Refurbishment of the old buildings should also result in building's ability to promote the health and well-being of its occupants. Porteous [17] identifies this as one of the main aspects of the notion of the eco-footprint. Refurbishment of the existing buildings offers opportunities to revitalize communities through social and economic enhancement. It may also contribute to safeguarding community heritage and preserving the sense of the attachment to place. These though may be difficult to quantify, will enhance quality of life and well being of the community. This is due to the fact that buildings have strong social and cultural roots which relate them tightly into the physical and social character of their locations. In addition to cultural and economic values, environmental factors also justify building conservation in the form of refurbishment over new build when possible. Power [18] lists major social, economic and environmental benefits of refurbishment as; reductions in the transport costs, reduced landfill disposal, greater reuse of materials, reuse of infill sites and existing infrastructure, reduced new building on flood plains, local economic development, retention of community infrastructure, neighbourhood renewal and management. On the social issues of housing need and fuel poverty, Power also argues that refurbishment and infill building are socially more acceptable, cheaper and create far lower environmental impact, while reducing fuel poverty [18] .
Barriers to Refurbishment
The prevailing refurbishment practice may represent some obstacles for the implementation of technologies that are innovative, ecological and capable of reducing operating costs [19] . The barriers may fall into different categories such as financial, legislative, and uncertainties, which could potentially be associated with refurbishment. In urban areas for example, due to financial incentives associated with higher densities and maximizing the potential of land, developers may look for vacant land or for sites the buildings on which could be easily demolished to increase the potential of land. In some cases the buildings may prematurely demolish where the price of land is soaring and there is potential for building higher.
Regulations, building codes and standards are usually biased towards new build and do not always encourage refurbishment of existing buildings. For example, in response to the challenge of climate change, the UK has introduced some ambitious codes and standards in order to reduce the energy requirement of buildings resulting in reduced CO 2 emissions with a view to make them completely carbon neutral in the future. Although this is a right move, the codes, e.g., Codes for Sustainable Homes (CSH) [20] do not address the existing buildings making it more difficult for the profession to deal with the regulatory requirement when it comes to reuse.
To overcome these barriers there is a need for financial and technical resources to facilitate the uptake of reuse of buildings. Highfield [21] for example, argues that in the UK the Government should play a major role in encouraging refurbishment as alternatives to new build where appropriate by offering more incentives beyond Value Added Tax (VAT) exemption on conversion from commercial properties to domestic dwellings. The Commission for Architecture and the Built Environment (CABE) also raises concerns about complications in the VAT regime whereby VAT is applicable to refurbishment but not new build [22] .
Planning may also provide a barrier to refurbishment adopting energy efficiency improvements particularly in conservation areas where the exercise may be involved in altering the external appearance of buildings for example through the application of external insulation of solid wall or the installation of micro renewable energy systems [23] .
Results and Discussion

Housing Case Study Refurbishment
The existing housing stock in the UK currently consists of approximately 22.2 million dwellings of which 18.3 million are owned privately with the remaining in the public sector ownership [24] . The UK has the oldest housing stock in the developed world with 8.5 million properties over 60 years old [25] . Around two-thirds of the existing housing stock within the UK pre-dates the introduction of any mandatory energy conservation requirements [26] . The Sustainable Development Commission suggests that 70% of the UK's 2050 housing stock has already been built [10] . The special nature of the housing stock in the UK therefore makes it crucial to adapt existing homes to reduce the environmental impacts of domestic buildings.
Registered Providers (RPs), comprising of housing associations and owner occupiers together own around 7% of the housing stock in the UK [27] . This research investigates the sustainability potential of a recently completed (June 2012) housing refurbishment project for Longhurst & Havelok Homes (L&H Homes) of Longhurst Group as parts of a two year (2011-2013) research project evaluating means of providing sustainable homes. The building is situated at Cross Street in Gainsborough, UK, a narrow Street a short walk from the city centre. The building, which was originally constructed in the mid 19th Century as a house, was converted to offices through internal alterations and was occupied by West Lindsey District Council (WLDC) for many Years. The building was vacated when the Council moved to its nearby new offices. As parts of a social housing development project, the building has been refurbished and converted back to housing forming three residential units. Figure 1 shows the building before and after refurbishment. Figure 2 shows floor plan arrangements of the building before refurbishment. Figure 3 shows new floor arrangements after refurbishment. The environmental philosophy behind the refurbishment of the Cross Street Building is to use the potential of upgrading the building envelop to reduce energy use and enhance occupants' comfort. The project also aims at demonstrating how similar historic properties may be refurbished while retaining their historic characters. The existing features of the building are retained and the missing or damaged original features are replicated where appropriate to resurrect the original characters of the building. New double glazed windows are constructed from timber to match the detail of the originals as far as possible. Table 1 lists the specifications of the main refurbishment measures and new construction elements.
In order to improve the thermal performance of the building envelope, an independent light weight insulated wall was added internally to the existing external walls. Vapour check membrane fixed to studs with all joints sealed at laps, perimeter, junctions and penetrations for air tightness. Existing party wall lined to upgrade sound and fire insulation. Three layers of insulation were laid between the existing ceiling joists in the loft space to form a total thickness of 400 mm. As the existing ground floor was not sound it was removed and replaced with a new concrete floor.
Building Users' Satisfaction
Post occupancy users' satisfaction evaluations were carried out to measure in use building performance of the refurbished homes. The surveys of occupants are based on the questionnaire used by Building Use Studies (BUS) as parts of the Probe Process [14] . BUS methodology was originally developed in 1985 as parts of study of "sick buildings" has been developed over the last decades to evaluate different aspects of building user satisfaction. BUS is widely used in the UK as parts of the Technology Strategy Board's (TSB) Domestic Building Evaluation Projects [29] . Areas analyzed include comfort (thermal, visual and aural), building characteristics, users' interaction and control over environmental systems. In addition to the 20 questions, the questionnaire had additional spaces for respondents to elaborate on their responses. Existing 225 mm solid brick walls were improved by a new independent wall lining formed with 70 mm metal studs set 55 mm from internal face of wall, 100 mm Dritherm Cavity Slab 37 between studs, vapour check membrane fixed to studs with all joints sealed at laps, perimeter, junctions and penetrations for air tightness, 12.5 mm Duplex Wallboard with skim finish fixed to studs.
Party walls
Existing brick party wall (nominal 225 mm thick) was upgraded with Gyproc wall lining system with 15 mm soundblock on plaster dobs and skim finish on both sides. Openings in the party wall were filled with new 100 mm thick dense blockwork laid flat to create 215 mm thick wall, 13 mm plaster on both sides, Gyproc wall lining system with 15 mm soundblock on plaster dobs and skim finish on both sides. Existing brick party stair wall (nominal 110 mm thick) was upgraded with new wall lining to flat side only with 15 mm Phonewell fixed to resilient bars and 15 mm Gyproc Soundbloc with skim finish. Openings in the party stair wall were filled with new 100 mm thick dense brickwork with new wall lining to flat side only with 15 mm Phonewell fixed to resilient bars and 15 mm Gyproc Soundbloc with skim finish.
Internal walls
New non load bearing walls formed with 70 mm metal stud 600 mm c/cs boarded both side with 12.5 mm soundbloc and skim, 25 mm mineral wool between studs. Openings in the load bearing masonry walls were filled with new 100 mm medium density blockwork with 3 mm plaster finish to both sides.
Windows and doors
Windows were replaced with new double glazed windows constructed from timber to match the detail of the originals as far as possible. External doors: New timber door with double glazed fanlight over. Internal doors: New timber doors.
Staircases
Existing staircases were removed and replaced with new timber private staircases with additional fire protection and sound insulation where required. Table 2 shows dwelling types, floor areas, and number of occupants for the three housing units created in the Cross Street development. Through the evaluation exercise the occupants provided responses to questions about their sensation and expectation of environmental, spatial and characteristics quality of their homes on a seven-point psycho-physical scale. Table 3 shows occupants' votes on different aspects of comfort including air temperature, air quality, noise and lighting. Table 4 lists responses to the questions on how much control the building users have over environmental aspects of their dwellings. Table 5 outlines the users' perceptions regarding spatial and characteristics qualities of their homes. Apart from some concerns about noise levels and its control, the shortage of storage in flats 9 and 11, the majority of responses recorded indicate a good level of satisfaction with different aspects of refurbished housing units. Figure 4 shows the cumulative votes cast by the tenants. As depicted in the figure, the majority of the votes refer to the optimum/neutral scale (rating 4) and satisfaction (rating 7). Air Temperature Personal control
Symbols: B; Flat 7, C; Flat 9, D; House 11 Building Characteristics 
Life Cycle Assessment
The construction industry has become increasingly concerned about understanding the whole life impact of buildings as different stakeholders in the industry are shifting their focus towards declaration of the greenhouse gas (GHG) emissions and carbon footprints of buildings [30] . A widely used procedure for better understanding and reducing environmental impacts of buildings is life cycle assessment (LCA), a framework defined by the International Organization for Standardization (ISO) 14,040 [31] and 14,044 [32] standards. While Scheuer et al. [33] assert the importance of LCA of whole buildings to identify and evaluate how key design parameters will influence a building's environmental performance, Li [34] states that LCA and carbon footprinting approaches can not only quantify the building environmental burden but can also show reduction measures.
The whole life of a building may be presented in three distinct stages namely the initial impact, the operational impact, and end of life impact for the purpose of carbon footprinting. The initial impact occurs prior to handover of the building to the occupier, operational impact occurs during the life of the building and finally end of life impact occurs when the building is deconstructed at its end of life [30] . The whole life building emissions are therefore the sum of the following emissions:
1. Materials; 2. Project management, construction process and waste generated; 3. In use energy; 4. Deconstruction.
All these stages involve a set of different calculations and modelling. The first two stages could be estimated at the outset of the project whilst the total emissions could be calculated as the project progresses. Stage 3 could be modelled with energy performance simulation tools however the actual measured data needs several years of monitored data recordings. Stage 4 is currently speculative and it is hoped that the future research in deconstruction would help in reducing uncertainties and improving accuracy at the end of life of buildings [35] . In the UK, the standard for life cycle carbon footprinting of products (with buildings seen as a particularly complicated type of product) is primarily based on ISO standards [31, 32] and PAS 2050 [36] .
Materials
Materials impact occurs because of up-front energy investment for extraction of natural resources, manufacturing, transportation, and installation of materials during the construction phase of the project. For this process to be effective, data used for converting quantities of materials to CO 2 emissions must be appropriate to the specific products to be constructed in the building as they are identified from generic databases [30] . As there is an increase of imported materials in recent times to the UK's construction market [37] , it may prove difficult in some cases to accurately estimate the impacts of imported materials due to lack of credible data e.g., for transportation emissions and the impacts of up-front energy investment at the source.
Carbon footprinting of construction products in the UK can be drawn from two generic sources; Bath Inventory of Carbon and Energy (ICE) [11] and Ecoinvent [38] held within proprietary LCA software. Bath ICE [11] is one of the most useful and frequently quoted references providing data for a range of generic construction materials in the UK. For more specific products for which the data is not included in the Inventory, one may need to consult manufacturers and suppliers with limited levels of comparability in calculations.
The embodied energy of materials for the refurbished housing development at Cross Street is calculated based on mass of materials used in refurbishment of the building using Bath ICE [11] . Only the embodied emissions of the main materials used in the refurbishment of the Cross Street Building are considered. The effects of materials used for minor repairs, fixtures and fittings, sanitary services, electrical and mechanical services, sealants, and other minor elements are excluded. Table 6 lists the breakdown of CO 2 e emissions of building elements of the refurbished housing development at the Cross Street. The table shows the carbon cost of refurbishing the building. It does not include the embodied CO 2 e of the original materials and elements that were retained in the refurbished building. The total materials emissions is 29317 kgCO 2 e, resulting in a rate of 111.90 kgCO 2 e per square meter of gross internal floor area. This figure is slightly higher than the average figure of 104 CO 2 /m 2 for the three refurbished houses in a study conducted by the Empty Homes Agency (EHA) [8] . The embodied energy figures are however much less than an average 475 kgCO 2 /m 2 for conventionally constructed new build homes reported by the EHA [8] . EHA [8] and Yates [39] report that new homes may use four to eight times more resources than an equivalent refurbishment. This is because a considerable amount of existing structure and building elements may be saved depending on the nature of the building and the extent of the refurbishment. The Empty Homes Agency [8] finds that the potential saving in materials by reusing empty homes could result in an initial saving of 35 tonnes of carbon dioxide (CO 2 ) per property by removing the need for the energy locked into new build materials and construction. The life expectancy of the refurbished building at Cross Street is assumed to be of 60 years. This is a typical life expectancy used in LCA for domestic buildings. Replacement and decoration could considerably increase the materials burden of buildings during their useful life. As seen in Table 6 , replacement of internal finishes, in this case mainly carpets and other floor finishes which assumed to take place every 10 years will considerably increase the whole life impact of the development. The replacement cycle of 10 year is based on assumptions made regarding the frequency of tenancy change in rented social housing and the fact that the housing provider or tenants may change the carpets at each handover stage. This necessitates careful consideration of interior design of buildings so that through robust design the need for frequent replacement of materials and components may be minimised.
Project Management and Construction Process
The project management impact includes design stage emissions as before a project reaches the site a considerable amount of time and money, depending on the size and complexity of the project, may be expended in the design and planning of the project. The impacts may also be because of stakeholders' office utilities overheads, meetings organized in different places and transport to site, etc. The impact of construction process occurred on the site includes carbon emissions as a result of using fuels and utilities on site, transporting materials to site, removing waste from site, and emissions attributed to project management. In the UK, Building Research Establishment Environmental Assessment Method [40] best practice advocates documenting all fuel data and engine types for incoming/outgoing deliveries and water and mains supply. Emissions from removing waste from site may be calculated from the detailed breakdown of the type of waste produced and quantities sent for recycling or reuse recorded by waste-handling contractors.
In addition to savings made in material impacts, further savings are expected to be made in refurbishment and conversion compared with new build due to reduced construction time and waste. This is an important benefit of refurbishment as e.g., in the UK there is an increasing emphasis currently paid towards reducing construction waste as waste from construction and demolition accounts for around one quarter of all waste entering landfill with just 4% of the 70 million tones of building waste produced annually being recycled [41] . Due to the substantial impacts which may result from construction waste, the UK government in its Strategy for Sustainable Construction states that 25% of all materials used in construction need to be purchased through approved responsible sourcing schemes by 2012 [42] .
The contractor of the Cross Street Building was not required to record emissions impact of the construction process. In absence of such data, it is assumed that the impact of the construction process and project management to be of the order of 5% of the embodied impact of materials used in the refurbishment of the building [43] . Similarly, a figure of 5% waste for the materials used is assumed for the Cross Street Building [43] .
In-Use Energy
Operational energy of a building is the energy required to heat, cool, lit and to provide electrical services during its life span. Operational life of a building becomes an important factor considering the fact that a significant impact of building may occur during the useful life of the building. Operational energy of building varies considerably by the influence of parameters such as building envelope, building use patterns, building management and maintenance, climate and season, and the efficiency of the building and its systems [44] . Results reported in the literature indicate that the operational energy is still the largest component (approximately 85-95%) of the life-cycle energy consumption in the housing sector [45] [46] [47] .
The operational energy demands of the three housing units after the refurbishment at Cross Street are calculated using Standard Assessment Procedure SAP [12] . Standard Assessment Procedure which utilises standardised regional climatic data is adopted by the UK government as part of the national methodology for demonstrating compliance with building regulations and for providing energy ratings for dwellings. Table 7 shows the annual energy breakdown requirements and the associated CO 2 e emissions for the individual housing units together with those for the whole development. The space heating and hot water are provided by gas condensing boilers. Conversion factors for gas and electricity suggested by Defra [13] are used for converting energy use (kWh) to carbon emissions (CO 2 e). [8] . The total annual operational emissions for all three units are of the order of 8063.3 kgCO 2 e. Flat 7 with the smallest floor area has the highest hot water demand per square floor area. The energy use patterns, e.g., in terms of relative percentages, follow the trends reported in the literature. As buildings become more energy efficient in space heating with increased insulation levels and better air tightness, the relative contribution of hot water and household electricity to the total energy demand of the house will become more significant. This is especially the case for small dwellings, which usually have a greater energy use for water and electricity per unit of floor area [48] .
The energy efficiency measures adopted are to bring the energy efficiency of the refurbished building to the level of typical new build developments currently built by Longhurst Group. Table 8 compares the annual energy demands of the refurbished building with three other developments recently built in the region. The operational energy demands of all developments are estimated using the Standard Assessment Procedure SAP [12] . The average annual energy demand per square metre of floor area for Jubilee Way development is 15% smaller than that of the Cross Street. The average annual energy demand per square metre of floor area for the Cross Street is however smaller than the corresponding values for Nettleham Mews and Cherry Blossom by 33% and 21% respectively. Windows: double glazing Lighting: low energy lighting Air tightness: air permeability 3.6 m3/h.m2 (as tested) 1 The energy used for heating, lighting and hot water. This excludes energy use for running appliances like TVs, computers and cookers, and any electricity generated by micro generation; 2 Similar conclusions regarding the potential of refurbishment in reducing the annual energy demands have been reported in the literature. For example, a study by the Empty Homes Agency [8] shows that refurbished houses can be as efficient as new homes. Power [18] discusses the environmental benefits of refurbishment arguing that existing homes can achieve as high environmental efficiency standards as current new build. Based on evidence reported by Sustainable Development Communities [49] bringing the energy efficiency of existing buildings to the level of current new build through refurbishment should reduce their energy in use by 60% or more. A sensitivity analysis carried out for Peabody housing stock to identify the potential of refurbishment also suggests that an average emission reduction of 60% could be achieved for a range of stock type [50] . The report suggests that the greatest percentage reduction up to 74% may be achieved for old buildings built before 1951 typically solid-walled bocks of flats [50] . The study also reports that in the old refurbished housing stock the rate of emissions per resident per annum is around 600 KgCo 2 . The estimated emission rates in the Cross Street refurbished units are 697 kgCO 2 e and 708 kgCO 2 e per resident per annum for Flat 9 and House 11 respectively. In Flat 7 in which there is only one resident the calculated emission rate is 1732 kgCO 2 e per annum. The higher rate emission in Flat 7 is partly due to the higher rate of floor area per resident if compared with Flat 9 and House 11.
The whole life environmental impacts of buildings should be evaluated by considering distribution of the life cycle burdens of its all stages of LCA. It may take up 35-50 years for the new built to compensate for the initial savings achieved in refurbishment [8] . In another study carried out in the United States it has been concluded that it may take 16 to 20 years for a new multifamily residential building that is 30 percent more efficient than an average-performing existing domestic building to overcome, through more efficient operations, the negative climate change impacts that were created during the construction process [4] .
End of Life Impact
In LCA the uncertainties involved in estimating the environmental impacts of buildings is the highest for the end of life stage of a building as this involves making assumptions for the distant future and the fact that buildings may be dealt with in different ways when they come to their useful end of life. At the end of the life of the building a decision will be made to either demolish the building or refurbish perhaps also with an alternative use. Refurbishment should be preferred where possible with a view to make the demolition and disposal ideally the last stage of a product life cycle as incineration or land filling is an environmental concern [51] . In order to reduce the environmental burden of buildings at their end of service life, buildings must also be designed for disassembly to facilitate the reuse and recycling of materials and components.
The market conditions, which provide financial value to "scrap" materials and tax incentives, have also a significant role to play in the way in which materials are salvaged [30] . Landfill tax in the UK has helped to reduce construction waste in recent years and is anticipated to do this further due to increased landfill cost in future. It is however unlikely that in the near future tax will rise to a level that gives a true representation of the environmental impact of the release of CO 2 and Methane.
Sodagar and Fieldson [52] have demonstrated benefits associated with sustainable deconstruction of buildings together with the issues associated with end of life impact. Jones [53] highlights the methodological challenge of recycling at the end of building lifetime and explains advantages and disadvantages of three different methods of the allocating for recycling namely the recycled content method, the substitution method and the 50:50 method. The method used in PAS 2050 [36] is the recycled content method in which credit is given to the use of recycled materials.
The energy used for demolition of buildings is typically small (1-3%) in relation to the energy used for material production and building assembly [43] . For the Cross Street building, it is assumed that the deconstruction impact of the building will equal to 1% of the combined impacts of materials used and construction process. 6.3.5. Whole Life Impact Table 9 lists the emissions for the Cross Street refurbished building development over 60 years for different lifecycle stages. The whole life CO 2 e emissions of the building comprising three new dwelling units over 60 years new design life is 533,026.17 kgCO 2 e . The in-use emissions are 90.76% of the total lifetime CO 2 e emissions of the building. The relative contribution of in-use emissions in the LCA of the development at Cross Street is significant partly due to the savings made in materials, and other associated impacts inherent in refurbishment compared with new build scenarios. The whole life CO 2 e emissions of the building at Cross Street per square meter are 2034.45 kgCO 2 e. In a study carried out by the Empty Homes Agency (EHA) [8] the average life time CO 2 emissions for the three refurbished houses over a 50-year period are of the order of 1.7 tonnes of CO 2 per square metre of floor area. In their analyses, EHA did not consider the impacts of construction process, materials waste and end of life. For comparison reasons, if for the Gainsborough project we adjust our LCA assumptions and boundary conditions to mach them more closely with those assumed in EHA study by reducing the life expectancy from 60 to 50 years, ignoring the impacts from materials replacement, construction process, materials waste and end of life, the adjusted life time CO 2 e will be 1650.7 kgCO 2 e. Another methodological difference in the research reported in this paper and that of EHA's is that Carbon Dioxide Equivalent (CO 2 e) is used as the unit of measurement in this study. This is due to the fact that CO2e better represents the collective environmental impacts of buildings. The latest version of Bath Carbon Inventory (Version 2.0) [11] which was used in this study to calculate the materials impact uses CO 2 e while in the previous version of the Inventory (Version 1.6a) [54] which has been used by EHA, CO 2 was the unit of measurement. For the building analysed in this paper, instead of an initial impact of 111.90 kg CO 2 e, if ICE version 1.6a had been used the estimated initial impact would have been 101.45 kgCO 2 . This represents an underestimation of materials impact of the order of 10.3%.
In the analyses carried out for this paper, the storage carbon potential of renewable materials such as timber is excluded. Sodagar et al. [55] have demonstrated that by including the carbon sequestration potential of renewable materials in LCA, the distribution of life cycle burdens may significantly change.
Research Limitations and Strengths
The case study method adopted for the research provided rare and extensive access to a wide range of resources within Longhurst Group throughout the 2 year research period. These include access to different levels of decision making and the internal processes within the organisation. The case study approach also made it possible to investigate planning and technical issues pertinent to refurbishment of old buildings as applied to the refurbishment of the Cross Street Building.
The case study adopted for this research which relies on one building refurbishment project for one Registered Social landlord may be seen potentially limiting the wider generalisation of research findings [56] . Yin [56] however argues that case study research can provide "generalisations to theory", meaning theoretical explanations of the data observed be applicable in similar cases having similar conditions. It is therefore possible for the research findings derived from the case study to be safely generalised for the wider UK social housing sector due to the similar conditions under which Registered Providers (RPs) operate and the broadly similar demographic profile of UK social housing tenants [57] .
As is common in research studies, a number of research limitations may be noted for the research reported in this paper. It is almost impossible to accurately quantify the total carbon footprint of a building due to inherent complexities associated with different stages of life cycle assessment of building. This is particularly the case due to uncertainties involved in estimating the environmental impacts of buildings for the end of life stage as this involves making assumptions for the distant future and the fact that buildings may be dealt with in different ways when they come to their useful end of life. Although Bath ICE is one of the most extensive and widely used databases, it does not include all materials currently used in the construction industry. Therefore, for a few more specific materials it was necessary to consult other sources which may have limited levels of comparability and confidence. In addition, due to practicality reasons, the research reported in this paper excludes minor materials in the refurbishment of the building which deemed to have negligible impacts on the total carbon emissions of the case study building. This is however a normal practice in most LCA of buildings reported in the literature.
Conclusions
Whole life emissions reporting exercises were carried out to analyse the environmental saving potentials of refurbishment over new build. The carbon reductions demonstrated at Cross Street building highlighted the environmental benefits of refurbishing existing buildings.
The relative impact reductions of savings made by materials may seem small when considering the whole life impact of a building, e.g., in the case of the refurbished Cross Street building where over 90% of whole life emissions is due to in-use operation.
As buildings are becoming more energy efficient in operational energy with increased insulation levels, better air tightness, and the use of more energy efficient equipment and appliances, the relative importance of other impacts such as the initial and the end of life will become more significant in the whole life impact analysis. The potential saving in materials by retaining building elements in refurbishing existing buildings could result in significant initial savings by removing the need for the energy locked into new build materials and construction. The materials emissions for the refurbished building studied in this paper are less than a quarter of the conventionally constructed new build homes. The immediate carbon savings associated with refurbishment is of significant importance as any savings now is crucial to staving off the worst impacts of climate change in future.
Refurbishing buildings reduces initial impact considerably compared with new build and can still result in improved operational efficiency. Comparative analyses demonstrated that the energy efficiency of the refurbished homes may be easily upgraded to the level of new build resulting in similar annual energy demands.
The start and end of a buildings life can have significant contribution towards the total environmental impact of a building. The end of life of any building should be extended as far as possible to minimize its environmental impact. Refurbishment can offer such a possibility and it is hoped that such a practice will attract more attention in the mainstream of design and construction.
Post occupancy users' satisfaction evaluation showed that the tenants in different refurbished housing units at Cross Street enjoy a good level of satisfaction with different aspects of their homes.
